concentrations, for a specificity of 60%. The negative predictive value of a serum IgG4 assay was 96%, but the positive predictive value only 34%. Analysis of the serum IgG4/total IgG ratio did not improve these test characteristics. Doubling the cutoff for IgG4 improved specificity (91%) but decreased sensitivity to 35%. Discussion Multiple non-IgG4-RD conditions are associated with elevated serum IgG4, leading to poor specificity and low positive predictive value for this test. A substantial subset of patients with biopsy-proven IgG4-RD do not have elevated serum IgG4. Neither doubling the cutoff for serum IgG4 nor examining the serum IgG4/IgG ratio improves the overall test characteristics for the diagnosis of IgG4-RD.
ABSTRACT
Objectives We evaluated the sensitivity, specificity and positive and negative predictive values of elevated serum IgG4 concentrations for the diagnosis of IgG4-RD. Methods Between 2001 and 2011, 190 unique patients had elevated serum IgG4 measurements. We reviewed electronic medical records to determine the indication for IgG4 measurement and underlying clinical diagnosis. Additionally, we reviewed the records of 190 other randomly selected patients from a pool of 3360 with normal results, to evaluate test characteristics of the IgG4 measurement. Results Among 380 patients analysed, 72 had either probable or definite IgG4-RD. Sixty-five of the 72 IgG4-RD patients had elevated serum IgG4 concentrations (mean: 405 mg/dL; range 140-2000 mg/dL), for a sensitivity of 90%. Among the 308 subjects without IgG4-RD, 125 had elevated IgG4 (mean: 234 mg/dL; range 135-1180 mg/dL) and 183 had normal IgG4 concentrations, for a specificity of 60%. The negative predictive value of a serum IgG4 assay was 96%, but the positive predictive value only 34%. Analysis of the serum IgG4/total IgG ratio did not improve these test characteristics. Doubling the cutoff for IgG4 improved specificity (91%) but decreased sensitivity to 35%. Discussion Multiple non-IgG4-RD conditions are associated with elevated serum IgG4, leading to poor specificity and low positive predictive value for this test. A substantial subset of patients with biopsy-proven IgG4-RD do not have elevated serum IgG4. Neither doubling the cutoff for serum IgG4 nor examining the serum IgG4/IgG ratio improves the overall test characteristics for the diagnosis of IgG4-RD.
INTRODUCTION
IgG4-RD (IgG4-RD) is a fibroinflammatory disorder involving numerous organ sites including the pancreas, retroperitoneum, salivary glands, lungs, kidneys, lymph nodes and others. 1 2 Nearly every organ, with the exception of the brain parenchyma, has been reported to be affected by IgG4-RD. The diagnosis of IgG4-RD relies heavily on the histopathologic characteristics of biopsy specimens, including a lymphoplasmacytic infiltrate enriched with IgG4+ plasma cells, storiform fibrosis, obilterative phlebitis, and a mild to moderate tissue eosinophilia. 3 Serum IgG4 concentrations are often considered useful in rendering the diagnosis, in determining responsiveness to therapy, and in predicting the need for future treatment. 4 However, studies of the test characteristics of serum IgG4 concentrations have often been small, focused on single-organ systems ( particularly the pancreas), [5] [6] [7] [8] or characterised by insufficient clinical and pathological detail about the subjects.
We therefore aimed to assess the usefulness of serum IgG4 concentrations for the diagnosis of IgG4-RD among patients with a wide variety of organ involvement at an academic medical centre in the USA. This investigation is the first to assess the clinical usability of serum IgG4 levels systematically in a study population enriched by large numbers of patients with systemic (as opposed to single-organ) IgG4-RD. We evaluated the sensitivity, specificity and negative and positive predictive values for the diagnosis of IgG4-RD among a group of 190 subjects with elevated serum IgG4 concentrations and 190 subjects with normal serum values. We also assessed the most common diseases leading to a serum IgG4 level of >135 mg/dL, and the frequency with which patients without diagnoses of IgG4-RD had serum concentrations of more than two times the upper limit of normal. Finally, we compared the usefulness of calculating serum IgG4 with total serum IgG (IgG4/IgG) ratios to the usefulness of assessing the serum IgG4 concentration alone.
METHODS
The study was approved by the institutional review board of our hospital. We examined the Massachusetts General Hospital Research Patient Data Registry to identify a total of 380 patients with serum IgG4 levels that were either elevated (190 patients) or normal (190 patients). We then reviewed the electronic medical record in order to determine in each person the clinical diagnosis and the indication for serum IgG4 subclass measurement. The upper limit of normal for serum IgG4 concentrations was 135 mg/dL. The IgG4/IgG ratio cut-off used was ≥0.08, based on a previous publication that employed this cut-off. 9 The diagnosis of IgG4-RD was made according to an international pathology consensus guideline. 3 The diagnosis of definite IgG4-RD was rendered if a patient had a tissue biopsy that met at least two of the three major histopathologic features of the disease: a lymphoplasmacytic infiltrate, storiform fibrosis and obliterative phlebitis. 3 Additionally, immunostaining studies of patients' biopsy samples had to demonstrate >10 IgG4+ plasma cells per high power field (HPF) and an IgG4/IgG ratio >40% in order to meet criteria for a definite IgG4-RD diagnosis. Subjects were labelled as having probable IgG4-RD if they had never undergone a tissue biopsy but had typical IgG4-RD organ involvement and a typical IgG4-RD radiographic appearance of those affected organs.
Total IgG and IgG subclasses (IgG1, IgG2, IgG3 and IgG4) were measured by nephelometry, using a Siemens BNII instrument and reagent sets obtained from either Siemens or The Binding Site. These assays were performed at the Mayo Medical Laboratories (Andover, Massachusetts). Unpaired t tests were used for the analysis of serum IgG4 levels and IgG4/IgG ratios, and χ 2 test for gender differences.
RESULTS

Demographics: age and gender
The mean age of the entire patient cohort was 48±17 years. Fifty-four percent were women and 46% were men. In considering the gender distribution among the group with elevated versus normal serum IgG4 concentrations separately, however, an interesting difference was observed. Among the 190 subjects with elevated serum IgG4 concentrations, there was a male predominance: 56% men and 44% women. By contrast, the normal serum IgG4 group demonstrated a female predominance: 63% women and 37% men ( p=0.009). Moreover, the average serum concentration was greater in the men with elevated serum IgG4 concentrations than in the comparable group of women. The mean serum concentration among the men was 348 mg/dL (range 135-2000 mg/dL), compared with 214 mg/dL (range 137-585 mg/dL) among the women ( p<0.001). Only three (11%) of the 27 patients with definite IgG4-RD diagnoses were women, but 21 (55%) of the 38 patients in the probable IgG4-RD group were female.
Diagnoses associated with elevated serum IgG4
The different clinical diagnoses associated with elevated serum IgG4 concentrations are shown in figure 1. Definite (n=27) and probable (n=38) IgG4-RD were the most common diagnoses, accounting for 34% of those subjects with elevated serum IgG4 concentrations. Among the patients with probable IgG4-RD, biopsies were not performed for a variety of reasons, the most common of which was radiologic findings (typically a diffusely enlarged, sausage-shaped pancreas with an enhancing rim on CT) that was typical of IgG4-RD-usually type 1 autoimmune pancreatitis-in the setting of a classic clinical presentation (see online supplementary table S1). Other common diagnoses included chronic sinusitis (n=46) and recurrent pneumonia (n=29) (table 1). Systemic autoimmune conditions, such as Sjögren's syndrome and mixed connective tissue disease, as well as pancreaticobiliary disease, were also prominent among the diagnoses of subjects with elevated serum IgG4 concentrations. 2 ). Among the patients with definite diagnoses of IgG4-RD, only three (10%) had normal serum IgG4 concentrations.
Concomitant immunosuppressive therapy
Six of the seven IgG4-RD patients with normal serum IgG4 values were on prednisone (mean dosage 20 mg/day; range 7.5-60 mg/day) and some of these were receiving additional immunosuppressive medications, as well: azathioprine (n=2), tamoxifen (n=1), or gemcitabine (n=1). In the elevated serum IgG4 group, 12 (19%) of the 65 IgG4-RD patients were on immunosuppressive treatment. The equivalent mean prednisone dosage among those on treatment was 25 mg (range 5-103 mg).
Other immunosuppressive or immunomodulating agents included infliximab (n=1), hydroxychloroquine (n=1), methotrexate (n=1), and certolizumab (n=1).
Specificity and positive and negative predictive values
The specificity and positive predictive value of elevated serum IgG4 concentrations were 60% (183/309) and 34% (65/190), respectively. The values of these test characteristics were lowered by the high frequencies of elevated serum IgG4 concentrations among patients with non-IgG4-RD diagnoses. However, the mean serum IgG4 concentration in subjects with definite IgG4-RD-604 mg/dL (range 12-2000 mg/dL)-was significantly higher than that of subjects with non-IgG4-RD diagnoses (mean: 20 mg/dL; range 1-1180 mg/dL; p<0.0001). The negative predictive value of a normal serum IgG4 concentration for the diagnosis of definite and probable IgG4-RD was 96% (183/190).
Serum IgG4 concentrations according to disease manifestation
All seven patients who had IgG4-RD but normal serum IgG4 concentrations had clinical involvement of one organ alone. Forty-one patients with single-organ disease had elevated serum IgG4 concentrations, but the mean IgG4 level among patients with multiorgan disease was higher compared with those with single-organ disease (699 mg/dL (range 146-2000 mg/dL) vs 233 mg/dL (range 140-670 mg/dL) respectively; p<0.00005).
Increasing the upper limit of normal for serum IgG4
Because of the large number of non-IgG4-RD diagnoses that were found to be associated with elevated IgG4 concentrations, we evaluated the test characteristics of a cut-off value for the upper limit of normal for the serum IgG4 assay that was two-fold higher, that is, 270 mg/dL. With this higher cut-off value, the sensitivity, specificity and positive and negative predictive values of the serum IgG4 assays were 35%, 91%, 48% and 86%, respectively (table 2) . Thus, the higher specificity derived from doubling the cut-off value for serum IgG4 concentrations came at a significant sacrifice in sensitivity.
The IgG4:total IgG ratio
Other investigators have reported that an elevated IgG4/IgG ratio is useful in distinguishing IgG4-RD from other conditions. We investigated this measure using a ratio >0.08 as the cut-off for normal. The mean IgG4/IgG ratio in the IgG4-RD patients was 0.20±0.2 versus 0.09±0.09 in the non-IgG4-RD patients (p<0.00002), but the sensitivity, specificity and positive and negative predictive values of the serum IgG4/IgG ratio were 86%, 59%, 33% and 95%; that is, not improved over those of the serum IgG4 concentration alone (table 2) .
DISCUSSION
IgG4-RD was identified as a distinct systemic disease only a decade ago and recognition of this condition has grown quickly in recent years. [10] [11] [12] Although many of the pathophysiologic details of this condition remain to be elucidated, the sine qua non of this diagnosis is pathology, that is, the characteristic histopathological features and the infiltration of high numbers of IgG4-bearing plasma cells into the tissues of involved organs. 3 Elevated serum IgG4 concentrations are linked tightly with the diagnosis of IgG4-RD in the minds of many clinicians even though it is well established that a significant proportion of patients with biopsy-proven IgG4-RD have normal serum IgG4 concentrations. 13 Failure to understand the test characteristics of serum assays for IgG4 and to employ them effectively in clinical practice can lead to overdiagnosis and delays in diagnosis. Few studies have focused upon the diagnostic usefulness of serum IgG4 concentrations, and nearly all such studies in Japan and the rest of the world have been limited to patients with autoimmune pancreatitis (AIP). This study is the first in a North American population to analyse the test characteristics of serum IgG4 concentrations for the diagnosis of IgG4-RD in a group of patients that is enriched for patients with multiorgan as opposed to single-organ disease. We found that the sensitivity and the negative predictive values of elevated serum IgG4 concentrations are high for the diagnosis of IgG4-RD: 90% and 96%, respectively. Reliance upon serum IgG4 concentrations for establishing the diagnosis of IgG4-RD is highly problematic, however, because of the multiple non-IgG4-RD conditions that can be associated with elevated serum IgG4 concentrations. This fact is reflected in the poor specificity (60%) when the conventional cut-off for the upper limit of normal for serum IgG4 concentrations is employed. Although the highest mean serum IgG4 concentrations occurred in subjects with definite IgG4-RD diagnoses, substantial elevations of serum IgG4 levels also occurred frequently in patients with non-IgG4-RD diagnoses, particularly in haematologic malignancies. In fact, 22% of the patients with non-IgG4-RD diagnoses in this study had serum IgG4 concentrations greater than two times the upper limit of normal. Doubling the cut-off value for serum IgG4 to 270 mg/dL improved the specificity from 60% to 91%, but did so with an unacceptable reduction in sensitivity, from 90% to 35%.
Examining the serum IgG4/IgG ratio did not improve either the specificity or the positive predictive value for the diagnosis of IgG4-RD. Our results contrast with those of a previous study from Japan, which reported superior test characteristics of the IgG4/IgG ratio compared with those of serum IgG4 concentrations alone. 9 This discrepancy is possibly explained by differences in the selection of IgG4-RD cases and controls. The Japanese study involved a smaller number of controls (n=48). Additionally, approximately 50% of the IgG4-RD patients included had Mikulicz disease, an IgG4-RD subset known to have particularly high serum IgG4 concentrations. 14 The results of this study differ significantly from a study performed in the USA that focused on patients with AIP. Ghazale et al 6 studied 510 patients with various pancreatic diseases, of whom only 45 had AIP. The sensitivity and specificity was 76% and 93%, respectively. The results of that study illustrated that IgG4 concentrations in blood are inadequate for the purpose of differentiating type 1 (IgG4-related) AIP from pancreatic cancer. The lower sensitivity in the study by Ghazale et al probably relates to an enrichment of patients with single-organ disease, namely AIP, even though patients with multiorgan disease were not excluded.
Another possible explanation for 'false-negative' serum IgG4 concentration measurements and lowered sensitivity of this test in some settings is issues with IgG4 assay, including the prozone effect. 13 We have previously identified that in the setting of dramatic antigen excess (ie, extremely high serum IgG4 concentrations), nephelometry assays do not measure serum IgG4 assays accurately if the sample has not been diluted appropriately. The assay now employed by our laboratory guards against the prozone effect by serial dilutions of the serum sample until stable measurements are achieved.
Our study reinforces the concepts that the diagnosis of IgG4-RD remains rooted firmly in histopathology and that close clinicopathologic correlation is essential to establishing this diagnosis. The crucial elements of an IgG4-RD diagnosis are a compatible clinical scenario (a typical pattern of organ involvement); imaging findings consistent with IgG4-RD in some organs (eg, the sausage-shaped pancreas on CT); an elevated serum IgG4 concentration (in most patients); and an increased number of IgG4-positive plasma cells within tissue. The most important component of the diagnosis, however, is rigorous interpretation of these histopathological findings: namely, a lymphoplasmacytic infiltrate accompanied by storiform fibrosis, and obliterative phlebitis. A modest tissue eosinophilia, lymphoid aggregates, and germinal centres are also present in many cases. 3 Our findings support the concept that fundamental differences may exist in the baseline serum IgG4 concentrations between males and females. Among the patients with definite IgG4-RD diagnoses, the 11 highest serum IgG4 concentrations were observed in men. These results are consistent with the small quantity of data with regard to this question in the literature and raise interesting questions for further exploration. Among these is the potential for gender differences in the expression of IgG4-RD.
Our study has important strengths. First, we employed rigorous, consensus-based criteria for the diagnosis of definite and probable IgG4-RD. 3 Second, this study is the first involving a North American population to focus upon multiorgan IgG4-RD as opposed to single-organ disease alone. Third, all the patients in this study were identified from the same pool of patients who underwent testing for serum IgG4 concentrations at our centre over a 10-year period. The clinical diagnoses and indications for testing were confirmed in all subjects.
Our study also has certain weaknesses, namely the significant possibility that the diagnosis of IgG4-RD was under-recognised during the period of study. This possibility is a potential hindrance to all studies of the epidemiologic features of IgG4-RD and the value of diagnostic tests. Under-recognition of the diagnosis of IgG4-RD would be anticipated to lower the specificity and the positive predictive value of elevated serum IgG4 concentration measurements. A second potential weakness is the fact that practice patterns with regard to test ordering during the period of this study may have affected some of the results. As an example, we suspect that the enrichment of cases of chronic sinusitis and recurrent pneumonia among the group of patients with elevated serum IgG4 concentrations stems from the fact that such patients often undergo evaluations for immunodeficiencies in the form of IgG subclass deficiencies. The possibility that some of these patients with chronic sinusitis and recurrent pneumonia actually had IgG4-RD is difficult to exclude in retrospect. This possibility would be expected to lower the positive predictive value of an elevated serum IgG4 measurement. Figure 2 The CIs of all patients with IgG4-related disease were compared with all patients with any other diseases ( p<0.0001, unpaired t test).
In conclusion, the sensitivity and the negative predictive values of elevated serum IgG4 concentrations for the diagnosis of IgG4-RD are high. However, multiple non-IgG4-RD conditions can be associated with elevated serum IgG4 concentrations, with the result that the specificity and the positive predictive value of elevated IgG4 levels are low. Neither doubling the cutoff for serum IgG4 concentration nor examining the serum IgG4/IgG ratio improves the overall test characteristics of serum IgG4 assays. The optimal use of serum IgG4 concentrations at this time is as an initial diagnostic test that offers important support of an IgG4-RD diagnosis if positive, as well as a significant argument against the diagnosis if negative. Regardless of the serum IgG4 concentration measurement, however, the gold standard for diagnosis in most cases remains biopsy of an involved organ and close clinicopathologic correlation of the findings. The identification of additional diagnostic markers of IgG4-RD in peripheral blood is an important agenda for future investigations.
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